Reactive extrusion of poly(L-lactide) (PLLA) was carried out in the presence of a small amount of various peroxides with relatively slow decomposition rates. The resulting crosslinked, four-armed randomly branched PLLA (v-PLLA) was characterized by size exclusion chromatography equipped with multiangle laser light scattering (SEC-MALS), and the results were interpreted according to the type of peroxide used. A new component with a higher molecular weight than the original PLLA was observed in the SEC-MALS chromatograms of the v-PLLA. The weight-averaged molecular weight (M w ) of the v-PLLA was found to increase with increasing effective radical number per PLLA precursor (n), where n is the overall hydrogen abstraction ability of peroxide times the mole ratio of radical to PLLA precursor molecule. This implies that the hydrogen abstraction ability is a good index for the crosslinking efficiency of PLLA. The extent of branching of v-PLLA was estimated by the shrinking factor, g¼/R g 2 S b //R g 2 S l , and rationalized with n, where /R g 2 S b and /R g 2 S l are the mean square radii of gyration of branched and linear polymers with the same molecular weight, respectively. The nucleation and overall crystallization rate of v-PLLA in the nonisothermal crystallization from the melt was discussed from the viewpoints of branching and entanglement density.
INTRODUCTION
Poly(L-lactide) (PLLA) is a remarkable material of considerable interest not only as a biodegradable polymer but also as a biologically based polymer, in the sense that it is not derived from petroleum resources. The high mechanical strength and modulus of PLLA enable it to be used as an alternative to commodity plastics such as polystyrene, polyethylene and polypropylene. However, the poor processability of PLLA often limits its applicability to extrusion molding, blow molding and form molding. To overcome this disadvantage, various methods have been used to introduce a branched architecture into the PLLA, including chemical crosslinking, 1-4 radiation-induced crosslinking 1, [5] [6] [7] and peroxide-induced crosslinking. [1] [2] [3] [4] [8] [9] [10] [11] [12] [13] [14] Among those methods, the peroxide-induced crosslinking process by the addition of a small amount of peroxide to PLLA during extrusion has been widely accepted because of its simplicity.
Peroxide-induced crosslinking of a polymer is believed to follow three key steps: (i) the generation of primary radicals derived from the thermal decomposition of peroxide, (ii) the abstraction of hydrogen from polymer chains by primary radicals to generate polymer radicals and (iii) the bimolecular recombination of polymer radicals to form carbon-carbon crosslinks. Because the species of peroxide has an important part in both steps (i) and (ii), many researchers have studied the effect of peroxide type on the crosslinking behavior of polymers such as polyethylene 15 and polypropylene. 16, 17 For example, Chodak and Lazar 17 demonstrated that the reactivity of primary radicals and their diffusion rate significantly influenced the efficiency of crosslinking in polypropylene.
Watanabe et al. 18 proposed a new method for the determination of the hydrogen abstraction ability of peroxides using a 2,4-diphenyl-4-methyl-1-pentene (a-methyl-styrene dimer, MSD) trapping technique, 19 as shown in Scheme 1. This technique is based on the addition-fragmentation reaction between free radical and MSD (Scheme 1a) [20] [21] [22] and the quick deactivation of cumyl radicals by self-reactions (Scheme 1b-1). When peroxide (I) is decomposed in a mixture of hydrogen donor substrate (D-H) and MSD, some part of peroxide-derived radical (B) is directly trapped by MSD to form an MSD derivative (M-B). On the other hand, radical (A) abstracts a hydrogen from the substrate (D-H) to give rise to trapping products (M-D). Thus, the yield of trapping products (M-D) against radicals (2I) derived from the initial peroxide (I) is a measure of the hydrogen abstraction ability of the peroxide. Although this technique is highly useful for estimating the overall hydrogen abstraction ability of various peroxide-generating free radicals, few reports describe the connection between the overall hydrogen abstraction ability and the structural characterization of the resulting crosslinked polymers.
In a previous paper, 23 we reported the details of the relationship between the overall hydrogen abstraction ability of peroxide and peroxide-induced crosslinking of PLLA during reactive extrusion. In the case of slowly decomposed peroxides with lifetimes relatively near the extrusion time, the weight-averaged molecular weight (M w ) of the peroxide-induced slightly crosslinked PLLA (w-PLLA) increased with the increasing overall hydrogen abstraction ability of peroxide. This result was reasonable, given the assumption that the crosslinking reaction occurs after the peroxide disperses and decomposes homogeneously in the molten PLLA. w-PLLA was also supposed to consist of relatively uniformly branched PLLA with a negligible amount of gel in this crosslinking reaction. However, these speculations were not confirmed because the branched architecture of w-PLLA was not well characterized. As for the branched PLLA crosslinked by peroxides, several researchers 12, 24, 25 have already reported that the crystallization kinetics of the branched PLLA are faster than those of the corresponding linear PLLA. However, the branched architecture has not been characterized in detail. The faster quiescent nucleation and overall crystallization rate of PLLA from the melt state is extremely important for industrial application of PLLA. Therefore, it is essential to clarify the relationship between the branching structure and crystallization behavior of the w-PLLA.
The aim of this paper is (1) to characterize the long-chain branching (LCB) of w-PLLA using size exclusion chromatography with the multiangle laser light scattering (SEC-MALS) technique, (2) to obtain a measure characterizing the peroxide-induced crosslinking process and (3) to clarify the influence of the branched architecture of w-PLLA on crystallization behavior and rheological properties.
EXPERIMENTAL PROCEDURE Materials
Commercial grade PLLA (LACEA H100, 1.5% D-configuration, 0.14% residual lactide) was provided by Mitsui Chemicals Inc. (Tokyo, Japan). The absolute number-averaged molecular weight (M n ) and weight-averaged molecular weight (M w ) measured by SEC-MALS were 55 100 and 81 500 g mol À1 , respectively. Note that the absolute M w value is about 62% smaller than the value determined by the conventional calibration curve method with CHCl 3 as an eluent, M w ¼132 000 gmol À1 .
Three peroxides were selected as shown in Scheme 2: (1) OO-(t-butyl) O-(2-ethylhexyl) peroxycarbonate (TBEC), lifetime at 200 1C: 38 s, overall hydrogen abstraction ability at 140 1C: 49%; (2) t-butyl peroxy benzoate (TBPB), lifetime 
where k d (s À1 ) is the first-order rate constant of each peroxide, both A (s À1 ) and DE (J mol À1 ) are the decomposition parameters, 26 T is the extrusion temperature at the outlet of the extruder (200 1C¼473 K) and R is the gas constant (8.31 Jmol À1 K À1 ).
The overall hydrogen abstraction ability of peroxides was determined using the MSD trapping technique described in Scheme 1. From Scheme 1, the overall hydrogen abstraction ability of peroxide can be calculated by the following equation: Crosslinking procedure in the extruder w-PLLA was obtained at concentrations of 4.54, 9.07 and 18.15 mmol peroxide/ 1 kg PLLA. Elementary stoichiometric calculations indicate that 9.07 mmol peroxide/1 kg PLLA corresponds to one radical per PLLA precursor (55 100 g mol À1 ). The w-PLLA samples crosslinked by peroxide were named as 'Peroxide abbreviation-radical mole content relative to PLLA' , such as TBEC-1.
Crosslinking was carried out by reactive extrusion within a corotating twinscrew extruder PCM-30 (Ikegai, Tokyo, Japan; D¼30 mm, L/D¼30) with a fixed screw speed (100 r.p.m.) consisting of three thread starts. The temperature was preset along the extruder from the feeder to the die as 180, 190, 200 and 200 1C (at die). The extrusion time was around 120 s, measured as the stagnation time of the sample in the extruder from the inlet to the outlet. Previous studies have described the steps of the crosslinking procedure. 23 To investigate the molecular characterization and crystallization behavior of w-PLLA, all w-PLLA samples were obtained by evaporating the gel-filtered (o0.5 mm) 0.2 wt% chloroform solution of the extruded w-PLLA.
Measurements SEC-MALS. The SEC-MALS eluent was selected as 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) because of its good solubility and relatively large differential refractive index (RI) for polyesters. The eluent contains 10 mM sodium 1,1,1-trifluoroacetate to yield a reasonable chromatogram. A JASCO SEC system (Pump; PU-2080Plus, Degas; DG-2080-53 and Column Oven; CO-2060Plus: JASCO, Tokyo, Japan) was used with a 2ÂShodex LF-804 column (Showa Denko K.K., Tokyo, Japan). An RI detector (Shodex RI-71, Showa Denko K.K.) was used to determine the concentration (C, gml À1 ). The light scattering instrument, a DAWN-DSP MALS detector (Wyatt Technology, Santa Barbara, CA, USA), operating at l w ¼632.8 nm, was placed between SEC and the RI detector. The Rayleigh ratio R(90) at a scattering angle of 901 was based on that of pure toluene at a wavelength of 632.8 nm at 25 1C. The sensitivities of 17 detectors at angles other than 901 and the dead volume for each detector were corrected for using the scattering intensities of a 0.30 wt% HFIP solution of poly(methyl methacrylate) standard. The excess RI increment (dn/dc) was measured by DRM 1021 (Otsuka Electronics, Tokyo, Japan, operating at l w ¼632.8 nm, 25 1C) and determined to be 0.155 ml g À1 for PLLA in HFIP. This value is high enough to characterize the absolute molecular weight and mean square radius of gyration /R g 2 S of a PLLA chain and to compare it with that in chloroform (0.0180 ml g À1 ) determined in the previous paper. 23 Polymer sample solutions (0.5-1.0 mg ml À1 in HFIP) were injected into the SEC-MALS columns using a sample loop of 100 ml at a flow rate of 0.5 ml min À1 . The angular dependence of the scattered light was analyzed in terms of the squareroot plots of (KC/R(y)) 1/2 with sin 2 (y/2), where K¼4p 2 n o 2 (dn/dc) 2 /(N A l w 4 ), n o is the RI of the solvent, N A is the Avogadro constant, l w is the wavelength of the light and R(y) is the Rayleigh ratio at the scattering angle y.
Crystallization behavior. Nonisothermal crystallization was characterized using a differential scanning calorimeter (DSC6200, Seiko Instruments, Tokyo, Japan) under a nitrogen flow (10 ml min À1 ). The sample was initially heated from À15 1C to 220 1C at 101C min À1 (first heating) and held for 10 min at 220 1C to eliminate the thermal history, and subsequently cooled at À10 1C min À1 from 220 1C to À15 1C (first cooling) and held for 10 min at À15 1C to observe the crystallization behavior. The degree of crystallinity (X c ) of the melt at first cooling is calculated from the following equation:
where DH c is the enthalpy of crystallization at first cooling. DH 0 m is the heat of fusion of a perfectly (100%) crystalline PLLA (93.6 J g À1 ). 27 Rheological measurements. The dynamic viscoelasticity of w-PLLAs was examined. Shear viscoelastic measurements were determined using ARES (TA Instruments, Tokyo, Japan). Parallel plates with a 25 mm diameter and a 10 mm gap height were used for the frequency sweep under a nitrogen atmosphere at 180 1C. The test specimens were cut from a sheet that had been prepared by compression molding at rapid 20 1C min À1 cooling from the melt (220 1C in 10 min). The frequency range was 0.1-100 rad s À1 , and the maximum strain was fixed at 4%. We confirmed that these conditions were within the linear viscoelastic region.
RESULTS AND DISCUSSION
Molecular weight distribution and LCB Molecular characterization was carried out by SEC-MALS, which gives the absolute M w and the root-mean squared radius of gyration /R g 2 S 1/2 for the polymer fractions eluted from the SEC columns. The absolute M w and /R g 2 S 1/2 at each retention volume were determined using Berry's square-root plots. In remarkable contrast, the MWD of w-PLLA clearly shows a tail in the higher molecular weight region that increases with the effective radical number per PLLA molecule n defined in Equation (3).
In the branched polymers, the shrinking factor g, which is the ratio of the mean-squared radius of gyration of branched polymer /R g 2 S b to that of linear polymer /R g 2 S l at the same molecular weight, is introduced as defined by the following equation: 28
The radius of gyration depends on the molecular architecture: a g parameter smaller than unity indicates the presence of branching chains. Figure 2 shows the double-logarithmic plot of the radius of gyration /R g 2 S 1/2 vs M w for the linear PLLA and w-PLLAs. The /R g 2 S 1/2 values of w-PLLAs are remarkably lower than that of linear PLLA, implying a branched architecture at least in the higher M w region. This plot provides information regarding the conformation of a polymer chain in HFIP solutions. For these samples, the relationship between /R g 2 S 1/2 and M w is well described by the following power law:
Figure 2 presents the slopes of the a of /R g 2 S 1/2 vs M w . The a-value for many flexible polymers is 0.50 in a y-solvent and 0.60 in a good solvent, and a smaller a-value than this range suggests the presence of random long-chain branches. [29] [30] [31] [32] Linear PLLA has an a-value of 0.59, implying that a PLLA chain assumes the perturbed random coil conformation in HFIP at 25 1C. 33 In remarkable contrast, the a-values of w-PLLAs are between 0.38 and 0.40, smaller than that of linear PLLA, implying that the degree of branching of w-PLLA is high enough to result in a decrease in /R g 2 S 1/2 . Furthermore, similar a-values among w-PLLAs prepared with different peroxides may imply similar branching structures.
The SEC-MALS technique provides information on another important branching characteristic, the number of branches per molecule.
The relationship between the branching number per molecule and the g parameter depends on the branching functionality and polydispersity of the sample. These results suggest that w-PLLAs are four-armed randomly branched polymers created by the bimolecular recombination of PLLA radicals with an effective radical number per PLLA precursor molecule n that is less than 1.2. For the four-armed randomly branched polymer that does not contain any cyclic or networked polymers, the shrinking factor g 4 can be expressed in terms of the number of branches per molecule m of a monodisperse sample at the narrow fraction eluted by the SEC column, as follows: 28
The LCB frequency l can be calculated, defined as the number of branches per repeat unit of PLLA (R¼72 g mol À1 ), as follows:
Furthermore, to compare the ideal crosslinked density per precursor PLLA calculated as the effective radical number per PLLA precursor molecule n with the corresponding actual one, l¢ can also be calculated as follows:
Figures 3a and b show the number of branches per molecule m calculated from equation (7) and the LCB frequency l calculated from equation (8) , respectively, as a function of molecular weight for w-PLLA. Figure 3a indicates that the number of branches per molecule m of all w-PLLAs increases with increasing M w and that the maximum m of each w-PLLA increases with an increase in the effective radical number per PLLA precursor molecule n. Figure 3b indicates that the LCB frequency l of all w-PLLAs reaches a constant value when M w of w-PLLAs is more than 10 5.7 . Each Molecular characterization and crystallization behavior of PLLA M Takamura et al fraction of w-PLLAs less than 10 5.7 in the SEC chromatogram is considered to be a mixture of coeluted linear and branched species because the highest M w of original precursor PLLA is around 10 5.7 , as shown in Figure 1 . On the other hand, each fraction more than 10 5.7 is considered to be the branched species only. The constant value of l above 10 5.7 implies that the crosslinking reaction may have homogeneously occurred in the molten PLLA. Figures 4a and b show the size of the w-PLLA molecule (log M) and the mean LCB frequency (l), respectively, in the higher-molecular-weight region above 10 5.7 as a function of the effective radical number per PLLA molecule n. Figure 4a shows good proportional relationships between the effective radical number n and M (M n , M w ), as well as polydispersity (M w /M n ). In addition, Figure 4b also shows a good proportional relationship between n andl. These results suggest that the concentration of branched PLLA with a higher molecular weight compared with linear PLLA increases with increasing n in w-PLLAs composed of linear and branched PLLA. This result obviously allows for the conclusion that the hydrogen abstraction ability is a good index for the efficiency of PLLA crosslinking, regardless of the type and concentration of the peroxide.
To compare the ideal effective radical number per PLLA precursor molecule n with the corresponding actual value l¢, l¢/n is shown in Figure 4b as a function of n. The l¢/n reaches a low point (0.3-0.6) and decreases as n increases. The lower value of l¢/n than unity may imply a lower free radical efficiency f of peroxide in the higher viscosity molten PLLA when compared with that of the MSD trapping system. The decrease in l¢/n with increasing n is most likely due to the fact that as n becomes higher, the deactivation of peroxide such as radical-induced decomposition occurs in high viscosity molten PLLA. Nonisothermal crystallization behavior Figure 5a shows the differential scanning calorimeter cooling traces of w-PLLA crosslinked by several peroxides while keeping the radical content fixed at one mol per PLLA precursor molecule. The crystallization parameters shown in Figure 5b were determined according to the method of Gupta and Purwar 34 and are listed in Table 1 . The initial slope S i of the crystallization peak characterizes the initial nucleation rate. That is, the larger the S i value the higher the nucleation rate. In addition, the difference between the initial crystallization temperature T c and the peak crystallization temperature T p (T c -T p ) represents the overall crystallization rate, where a lower temperature difference indicates a higher overall crystallization rate. As shown in Figure 5a , the exothermic melt-crystallization of linear PLLA is hardly found, whereas those of w-PLLAs are clearly observed. Table 1 shows that T c , T p and S i each show a maximum but (T c -T p ) shows a minimum as the M w value or the mean LCB frequency l increases. In Figure 6 , the overall crystallization rate (T c -T p ), the degree of crystallinity X c and the initial nucleation rate S i are plotted against l. Figure 6a shows that (T c -T p ) value decreases linearly and the degree of crystallinity X c increases with increasing l. That is, the overall crystallization rate and the degree of crystallinity of PLLA are Figure 6 Influence of the mean long-chain branching frequency l on nonisothermal crystallization behavior: (a) the total crystallization rate (T c -T p ), the degree of crystallinity X c , (b) the initial nucleation rates S i .
Molecular characterization and crystallization behavior of PLLA M Takamura et al greatly enhanced by the presence of the branching architecture. Few studies have reported the influence of the LCB frequency of w-PLLA, although several studies 12, 24, 25 have described the fast crystallization behavior of w-PLLA. Polymer crystallization from the melt occurs by means of two main mechanisms: nucleation and crystal growth. The crystal growth mechanism of PLLA crystallization has been widely investigated. Wang and Dong 35 investigated the crystal growth kinetics of fourarm star-shaped well-defined PLLA (M n ¼1.3Â10 4 , M w /M n ¼1.05) synthesized with four-functional primary alcohol. They observed a significant decrease in the spherulitic growth rate for the four-arm star-shaped well-defined PLLA and explained this by the lower molecular mobility and rearrangement ability. However, the nucleation mechanism has not been discussed in the literature.
Crystallization from the melt occurs when the nucleation process is more dominant than the crystal growth process. Two widely accepted nucleation mechanisms are homogeneous nucleation and heterogeneous nucleation. The former occurs through the random fluctuations of macromolecules that result in a favorable alignment of polymer chains. The latter occurs more commonly at the interface of a second phase. As shown in Figure 6b , the initial nucleation rate S i increases exponentially with the mean LCB frequency l. In other words, the quantity of branched PLLA in w-PLLA strongly affects the initial nucleation rate, implying that the branched points may function as heterogeneous nucleation sites. This may correspond to the higher overall crystallization rate and the higher degree of crystallinity with increasing mean LCB frequency l.
In addition, the nucleation rate is strongly affected by the pretreatment or thermal history of the previous process. In this experiment, all samples were obtained by evaporation drying at 40 1C of a 0.2 wt% solution in chloroform and held in the molten state (220 1C) for 10 min after the thermal history of the first heating (À15 to 220 1C, 10 1C min À1 ) before the first cooling. The viscosity of the molten state is low enough for linear PLLA to remove any crystal nuclei from the samples, because Vasanthankumari and Pennings, 36 Tsuji and Ikada, 37 and Kalb and Pennings 38 reported equilibrium melting temperatures (T1 m ) for PLLA at 207, 205 and 215 1C, respectively. However, for w-PLLA, including high-molecular-weight highly branched PLLA, the temperature of 220 1C may not be high enough because of high entanglement with itself or with linear PLLA. Figure 7 shows the dynamic moduli and dynamic shear viscosity of linear PLLA and w-PLLA obtained by peroxides OO-(t-butyl) O-(2-ethylhexyl) peroxycarbonate and t-butyl peroxy benzoate while keeping the radical content fixed at two moles per PLLA precursor molecule. Figure 7 indicates that w-PLLA has a long relaxation time and a high dynamic shear viscosity based on the order of the hydrogen abstraction ability.
As for the rheological aspects of quiescent crystallization from the melt, Shroff et al. 39 demonstrated that there is a direct correlation between the rheological parameter elasticity index E R of the commercial high-density polyethylene including LCB and the isothermal overall crystallization rates. E R is normalized to remove the effect of molecular weight and is calculated from the data obtained from shear viscoelastic measurements. A plot of log G¢ against log G 00 (Figure 8a ) based on the data presented in Figure 7a shows that the data of each polymer fall in a straight line. A measure of MWD and LCB at the high-molecular-weight end is derived by fitting six pairs of lowest-frequency data to a straight line using the following linear regression:
where C 1 and C 2 are constants. Here, we invoke a term called elasticity index E R , which is defined as
where the value of C 3 is arbitrarily 0.1 or 20. Figure 8a shows an example of calculating the elasticity index E R , in which the elasticity index E R is the cross-point of the line G 00 ¼500 Pa (lower frequency) and each straight line. Figure 8b shows the relationship between the mean LCB frequency l and the elasticity index E R . The elasticity index E R increases exponentially with increasing mean LCB frequency l. This implies that branch points impart stiffness to molten PLLA and that nucleating agents reduce the free energy of a nucleus DG. Figure 9 shows the time to T p from 220 1C against E R . In this figure, the corresponding T p is also indicated in the right axis. This plot indicates that there is an asymptotic decrease in time to the maximum overall crystallization rates with increasing E R that corresponds to the concentration of nucleating agents as mentioned above. On the other hand, E R increases with increasing T p . In rheological measurements, E R increases as the measuring temperature decreases. Thus, w-PLLA with a low E R requires a higher undercooling temperature to form the primary nucleus. This allows for the conclusion that besides crystallizability or crystallization rates, rheological changes also control the optical and other physical properties of polymers. The rheological and physical properties are both governed by changes in the chemical structure and the state of entanglement of the polymer. Conversely, minute changes in the molecular structure and shear history imposed during processing may dramatically influence the crystallizability of the resin. Future experiments will more closely investigate the effect of the structure of branched PLLA on the kinetics of isothermal crystallization and on rheological properties.
CONCLUSIONS
Molecular characterization of w-PLLA prepared by peroxides with relatively slow decomposition rates was investigated in detail using SEC-MALS. Assuming that w-PLLAs consist of a tetra-functional randomly branched polymer, the m of all w-PLLAs increases with increasing molecular weight and the maximum m of each w-PLLA increases with an increase in the effective radical number per PLLA molecule n. On the other hand, there is an obvious relationship between the mean LCB frequency l and n. These results suggest that the concentration of branched PLLA with a higher molecular weight than that of linear PLLA increases with increasing n in w-PLLAs composed of linear and branched PLLA. Furthermore, these results obviously show that hydrogen abstraction ability is a good index for determining the efficiency of PLLA crosslinking, regardless of the type of peroxide. These results also show that the size of w-PLLA molecule increases while keeping a fixed crosslinked density as n becomes higher. On the other hand, as for the crystallization behavior of w-PLLA, both the mean LCB frequency l and the elasticity index E R affect the nucleating rate. These results indicate that branch points and entanglement density have remarkable effects on the nucleation rate, the overall crystallization rate and the degree of overall crystallinity. 
